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Steels unable to perform at higher
temperatures which limits efficiency growth
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Steels NicketAlloys
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Cost and volatility concerns with common
superalloy elements

USGS Raw Elements Price Data Over 5 Years Cobalt Prices 2018021
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Weldability concerns in complex structures
needed In power plants

- Yarious types of weld cracking i / l r
Solidification cracking e
- Centerline boundary
- Liquation cracking
- Heat affected zone cracking

%)KStrain age cracking (SAC)

(b) Centreline Grain Boundary

(a) Solidification cracking

é Techn%logical Dye,Hunziker Reed¢ Numerical analysis of the weldability of superalloys BaC kg rou nd & Goa|'§
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Potential iImprovement to weldabllity & other
material properties with inclusion bfprecipitates

" Phase NITi
Traditionally undesire(
Weaker precipitate
Ductile
Slow to form

1Q t KKALS) b
Desired precipitate
Strengthening phase
Rigid

Fast to form
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Threefold Project Goals:

Create a nickebase superalloy with the following considerations:

1. Reduce cobalt content to less than 5wt% and minimize overall cost

2. Meet weldability indices as measured by solidification and strain
age cracking resistance

3. Maintain material properties within 10% namaedentation and hot
hardness values of a comparable superalldynonic263)

% Techmbiogical Background & Goats/
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Define objectives & P rOj eCt

design space

cail & Flowchart

Refine

Optimize objectives
via Bayesian
Optimization

CALPHAD to simulat
alloy properties

Cast & characterize

smaltscale alloys

l success

New Upscale alloys

superalloy <z SEITTES
in Si ghts characterization
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Design space limited by Therr@alc TCNI12
database
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Elements more expensive than cobalt

removed from consideration
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Approximate prices found via 2021 commodity prices throughout the total year (various sources)

- Pd- $66,000/kg
- Ru- $37,500/kg
- Pt-$27,000/kg
- Hf- $1,800/kg
- Re- $1,600/kg
Ta- $325/kg

- Co- $54/kg

Design Spacel0



Most nonmetals are not optimized, carbon
cannot be ignored
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Elements selected for experimentation

Chromium
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Objectives from project goals:

- Reduce cobalt content to less than 5wt% and minimize overall cost
1. Alloy cost

- Meet weldability indices as measured by solidification and stage
cracking resistance
2. Solidification cracking resistance
3. Strain age cracking resistance

- Maintain naneindentation & hothardness values within 10% of a
comparable superalloyNimonic263)

4. Material strength
5. Creep resistance

% Tochmaiogical Parameter Modeling 13

1ess| UNiversity



Solidification cracking resistance assessed
with Scheilkalculation
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- Assess hot tearing conditions
- T, = coalescence @ ,= 0.7

- T, = coherency @; .,= 0.98
- f(T) = fraction of solid
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Better performance as compared to Kou
solidification model

- Consistent extreme outliers fromn
Kou calculations
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Strainage cracking (SAC) traditionally
measured as function of2 T+ 2 NJY' S NA

- Alloys with higher Al and Ti mor
susceptible to SAC (gray)

-wSRdzOS ' Q @2f dz

strength & more cracking
resistance
0Qi Q0 [0® [YQ[O & [YP

Compositions in at%
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Hardy,Detrois, et al¢ Solving Recent Challenges Wrought NiBase Superalloys
Tang, Reed, et a AlloysBy-Design: Application to new superalloys for additive manufacturing
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Stramage cracking resistance correlates with
aft26SN) + Q 1TAYSUAOa
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Utilize Bayesian Optimization to efficiently
optimize utility functions

WA ﬂ.@. A\l f | vV '
/A \\J./ N AR A /Q\.

Initial BO does not find maxima  More calculations (dots) reduce Efficiently locate maxima
uncertainty

Explore high variance regions
Exploit high reward regions

é Technological Images taken from gif at: https://en.wikipedia.org/wiki/Bayesian_optimization
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Bayesian Optimization can only be used for
single target optimization

Cost

Solidification Cracking

StrainAge Cracking

Yield Strength

Creep

o| Technological Optimization- 19



Modified achievement function enables Multi
Objective Bayesian Optimization (MOBO)

Normalization Term

Ywel Qw WO mdru | "%Qé[(d) Qo ]

|—{ Objectives I I |—{ Parameter Goal

w,.: scaling/normalization term calculated from the inverse of the parameter range

Can calculate the normalized difference between parameters and pr
determined goal values and use these differences to optimize each parame

Michigan Hanaokac Bayesian optimization for goatiented multiobjective inverse material design = .
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{ ONRA LG Oy NJ
material properties

- Experiment has assessed 4000+ *°
unigque compositions

- Approximately 1 month of 200
computational time

- Current script can run a
composition every 5 minutes

- Timing limited by Python + 100
CALPHAD
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Best compositions from optimizations

Top ranking alloys from 5wt% Co trials
1 50 219 84 053 208 006 62.0
%)K 2 50 186 99 053 238 006 635

3 5.0 19.6 7.0 0.54 2.38 0.06 65.4
4 5.0 18.1 9.5 0.54 2.20 0.06 64.6
Nimonic

263 20.5 19.9 5.7 0.27 2.1 0.07 Bal.
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Optimized composition most alikBmonic
263 with much lower Co content
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Optimized alloy predicted slower
precipitation kinetics other alloys
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Processing outline

Composition via MOBO I Castingl | Homogenizatiori I Forgingl

i
e
4 v

T

Hot Rolling Heat Treatmen I Characterizatiod

51-.,"‘?“;1?:;%1""%1@1 Casting & Processin@5
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